Introduction
One methodology for the treatment of legacy, current and future nuclear waste is the Partition & Transmutation concept, 1 whereby the actinides (An) are separated from the lanthanide (Ln) fission products, which then undergo neutron bombardment reactions to form radioisotopes of much shorter half-lives that ease the burden on final storage. The difficult scientific challenge is separating the Ln 4f-elements from the An 5f-elements, in particular the minor actinides Am and Cm, as the 5f-orbitals drop in energy, becoming more core-like and thus resembling the lanthanides. One strategy that has seen success is by solvent extraction mechanisms where a specifically designed ligand, most successfully 2,6-bis(5,6-dialkyl-1,2,4-triazin-3-yl)pyridines and derivatives, 2 will preferentially coordinate to the actinide over the lanthanide, 3 and some evidence for enhanced covalency in the An 5f systems has been presented. 4 Experimentally a number of studies of U(III) and Ln(III) using N-donor ligands of varying denticity have been reported, and changes in bond lengths interpreted as evidence for a more covalent U-N bond.
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One interesting ligand type that has been investigated is the thiocyanate ion. It can be used in liquid-liquid extractions for the actinides as the stability constant for higher order complexes [Am(NCS) 2 ] + is higher than that for the corresponding Eu complex (e.g.,  2 = 4.19 for Am and
for Eu). 6 [A336][SCN] (A336 = tricaprylmethyl ammonium) is a task-specific ionic liquid
of sufficiently low viscosity to be used without utilizing a separate extractant, and substantial distribution ratio enhancements have been reported; although, the mechanism is unknown. 7
The solution-based separation data, however, do not give information upon the solid state structures of the Ln or An thiocyanate compounds and structural studies are required to verify these observations. Lanthanide thiocyanate complexes are well reported in the literature and display a rich coordination chemistry. and 5f compounds, structural studies have shown that the bonding is more ionic, via the harder N atom. Moreover, the M-N-C angle is much smaller than that typically seen for transition metals, which can also be attributed to the increased ionicity in the f-block compared to the d-block metals. 29 Upon coordination to the f-block metal, the NC and C-S bond changes only slightly, voltammetry and IR spectroelectrochemistry were employed to explore the redox behavior of U(IV) and related U(VI) compounds in more detail. The experimental work is supported by a computational study on the putative homoleptic U(III) compound.
Results and Discussion
Lanthanide structural studies. 4 ] {Ln = Pr (1), Tb (2), Dy (3), Ho (4), Yb (5)} rather than hepta-or octathiocyanate complexes; presumably this is due to the intrinsic ionic nature of the bonding and the excess of water present. The structure of 1 is shown in Figure   1 whilst 2-5 are in S1-S4; pertinent bond lengths are collated in Table 1 and Table S1 . 19 The structure features numerous Cs … E (E = N, C, S)
contacts that give a complex packing arrangement as shown in Figure 3 . in the Raman spectra. In the infrared spectra only a broad peak is observed, but the shift in frequency of the C≡N bond stretch is in keeping with the change in the size of the lanthanide ion, as has been noted previously. 20 reducing agents, such as Na/Hg, K or NaC 10 H 8 repeatedly failed to give any isolable uranium thiocyanate compounds. We have tried to follow the reduction with UV-Vis spectroscopy in a cuvette.
Upon addition of the reagents an immediate precipitate is formed and all color bleaches from the solution.
In a Schlenk flask at -78 o C we also see the same effect and the solid produced shows no N=C stretches in the IR spectrum. However, with the reducing agent being KC 8 in MeCN, a few colorless single crystals were isolated, and this shown to be heterocycle 9 (Figure 6 ), formed by condensation of five MeCN molecules. The mechanism of the formation of this unusual byproduct is discussed further in Supporting Information (Scheme S1), though it is worth noting that U(IV) amides However, no isolable uranium compounds were obtained in any solvent used and free neutral bipy was the only species identified by 1 H NMR spectroscopy. Table 3 summarizes the redox potentials of the three uranium thiocyanate complexes measured by TLCV. investigations showing the U-Cl bond to be more covalent than the U-NCS bond. 30 The structure of 10 is unremarkable and included in the Supporting Information ( Figure S14 , Table   S3 ), along with luminescence ( Figure S15 ) and vibrational (Figures S16 and S17) data.
Computational studies. In order to understand the change in reactivity between U(III) and U(IV), we turned to computational chemistry. In our previous work we benchmarked hybrid and pure DFT methods to the vibrational data of the U(IV) compound and found that the BP86 functional gave a satisfactory fit to the experimental data. 30 We (4) 1.14 (4) 1.185 1.183
1.182
1.63 (4) 1.61 (3) 1.644 1.663
1.663
 ( (Table 3) shows that the LUMO is stabilized by the coordination of the bipy, suggesting its participation in the electrochemical reduction. We have reinvestigated 33 [U(NCS) 5 (bipy) 2 ] -by using tighter SCF criteria within DFT calculations, and found that the LUMO is metal-based, whilst the HOMO is 24 based on the NCS ligands. The LUMO+3 and LUMO+4 are the lowest-lying unoccupied orbitals containing substantial contributions from *(bipy) combinations, as shown in Figure 9 . 
Experimental
Caution! Natural uranium and thorium were used during the course of the experimental work.
As well as the radiological hazards, uranium and thorium are toxic metals and care should be taken with all manipulations. Experiments using radioactive materials were carried out using pre-set radiological safety precautions in accordance with the local rules of the Trinity College
Dublin and the University of Reading.
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All manipulations for actinide chemistry were carried out using standard Schlenk and glove box techniques under an atmosphere of a high purity dry argon. Lanthanide chemistry was conducted in air. Standard IR spectra were recorded on a Perkin Elmer Spectrum One spectrometer with attenuated total reflectance (ATR) accessory. Raman spectra were obtained using 785-nm excitation on a Renishaw 1000 micro-Raman system in sealed capillaries. UVvis/NIR measurements were conducted on a Perkin Elmer Lambda 1050 spectrophotometer over the range 300-1300 nm, using fused silica cells with an optical path length of 1 cm. X-Ray data were collected on a Bruker APEX DUO (1, 3 and 9) and a D8 Quest ECO (2, 4-8) using Mo Kα radiation ( = 0.71073 Å). Each sample was mounted on a Mitegen cryoloop and data collected using a Cobra and Oxford Cryostream cryosystem. Bruker APEX software 49 was used to collect and reduce data, and determine the space group. Structures were solved using XT 50 and refined using the XL 51 program within the Olex2 program. 52 Absorption corrections were applied using SADABS 2014. 53 Details of the crystal data and refinements are given in Table S2 . CCDC 1554951-1554959 and 1574079 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. The packing diagram shown in Figure 3 was generated using VESTA version 3.3.9. 54 Phase purity was checked by powder X-ray diffraction ( Figure S5) which was carried out on a Bruker D2 Phaser.
Cyclic voltammetric measurements were conducted with a Metrohm Autolab PGSTAT302N (Table S2 ). The uranium complexes were dissolved in dry acetonitrile containing the supporting electrolyte, and checked for decomposition.
DFT geometry optimization was performed on single molecules extracted from the crystal structure, at the unrestricted BP86/def2-TZVP 56,57 level using Turbomole 58 initially without symmetry constraints, but subsequently in D 4d point group. Scalar relativistic effects in uranium were included through use of effective core potentials, as defined for this basis set. Spin contamination was not significant, with values of S 2 within 1% of the anticipated value of 2.00.
Further single-point DFT calculations were performed in Gaussian09 59 using the BP86 and B3LYP 60 functionals. The (27 s 24p 18d 14f 6 g)/[8s 7p 5d 3f 1g] all-electron ANO-RCC basis sets of DZP quality were used for uranium, 61 with 6-31+G(d,p) on C, N and S. 62 Scalar relativistic effects were included via the second-order Douglas-Kroll-Hess Hamiltonian. 63 Natural bond orbital (NBO) analysis 64 was performed using Gaussian09; Atoms-in-Molecules (AIM) analysis used AIMAll. 65 Topological analysis of the electronic density () is based upon those points where the gradient of the density, , vanishes. 66 In this work, we consider points where one curvature (in the inter-nuclear direction) is positive and two (perpendicular to the bond direction) are negative, termed (3, -1) Lanthanide salts, caesium chloride, sodium thiocyanate and tetraalkylammonium chlorides were purchased from Sigma and were of reagent grade. They were used without further purification.
Synthesis of [Et 4 N][Pr(NCS) 4 (H 2 O) 4 ] (1)
PrCl 3 Complexes 2-5 were obtained from a similar procedure to that of 1, except that the metal salts Chim. Acta 1999, 292, 137-143. 
